INTRODUCTION
One major ubiquitous function of the circulatory system in all vertebrates is to supply oxygen to the body tissues. As the oxygen requirement of a vertebrate increases (e.g., with increased activity or body temperature), changes in various components of the cardiovascular system must occur to allow the animal to maintain its elevated level of metabolism. The oxygen uptake by body tissues is proportional to the cardiac output and the arterial-venous blood oxygen (A-Vo 2 ) difference. Thus, the cardiovascular system can cope with increased metabolism by actively increasing the cardiac output and passively widening the A-Vo 2 difference.
In reptiles, there are many reports on the alterations of the performance of the cardiovascular system in animals with accelerated metabolism. In vivo studies on lizards, snakes and turtles demonstrated increases in heart rate, blood pressure, cardiac output and A-Vo 2 difference when the body temperature was elevated (Wood-1 From the Symposium on Cardiovascular Adaptation in Reptiles presented at the Annual Meeting of the American Society of Zoologists, 27-30 December 1984, at Denver, Colorado. 2 Present address of James S. K. Sham is: The Johns Hopkins University, Department of Environmental Health Sciences, Division of Environmental Physiology, Baltimore, Maryland 21205. bury, 1941; Dawson and Bartholomew, 1958; Dawson, 1960; Templeton, 1964; Tucker, 1966; Jacobson and Whitford, 1970; Wilson and Lee, 1970; Greenwald, 1971; Gatten, 1974) . In particular, the temperature effect on heart rate has also been affirmed by in vitro isolated heart preparations (Dawson and Bartholomew, 1958; Wojtaszek, 1979a ). An increase in metabolism during muscular activity can also stimulate the heart rate in reptiles. Studies on electrically-induced muscular activity showed that the heart rate increment increases with temperature (Licht, 1965; Wilson and Lee, 1970; Gatten, 1974) . In addition, the oxygen pulse (Stroke Volume X A-Vo 2 difference) also increases during muscular activity (Wilson and Lee, 1970; Gatten, 1974) .
There is no doubt that body tissues can acquire their increased oxygen demand by extracting more oxygen from the blood. However, if this elevated oxygen uptake is not coupled with an increase in cardiac output, the result can be detrimental. In reptiles, there is no evidence that the stroke volume increases with temperature or activity. In fact, Tucker (1966) studying Iguana iguana reported a decrease in stroke volume when temperature was raised. Thus, a faster heart rate rather than a larger stroke volume increases the cardiac output that is required to satisfy the elevated oxygen demand (Templeton, 1964) . • , phenylephrine; • » phenylephrine + phentolamine; A, phenylephrine + propranolol; 0> phenylephrine + phenylolamine + propranolol. Data are means ± SE. (Chiu and Sham, 1985, by permission) Heart rate can be modified by the nervous and endocrine system via neurotransmitters or circulating hormones respectively. These agents exert their influences by stimulating their specific cardiac receptors. In conditions that raise metabolism, the animal, of course, can adjust the cardiac performance by altering the autonomic activities and/or the level of circulating hormones. Observation in the lizard, Uromastyx, revealed that the vagal action was distinctly less effective in summer than in winter (Khalil and Malek, 1952) . In the frog, Rana pipiens, an increase in sympathetic activity was observed in summer frogs in addition to the change in vagal tone (Miller and Mizell, 1972) . Moreover, animals can also cope with the conditions by altering the responsiveness of the heart to receptor stimulations. In this article, we report studies of the responses of the isolated atria from Naja naja to an a-adrenergic agonist, phenylephrine, a /?-adrenergic agonist, isoproterenol and a positive chronotropic hormone, parathyroid hormone, under different conditions of temperature and thyroid status, which appear to affect metabolism.
CHARACTERIZATION OF CARDIAC
ACTIONS OF ISOPROTERENOL, PHENYLEPHRINE AND PARATHYROID HORMONE ON ISOLATED SNAKE ATRIA Before discussing the cardiac responsiveness in various metabolic conditions, it seems inevitable to re-examine the characteristic effects of these agents upon stimulation of their specific cardiac receptors. However, information concerning the pharmacology of these agents in reptiles is scanty. In the sleepy lizard, Tiliqua rugosa, isoproterenol was shown to elicit positive chronotropic and inotropic responses which were blocked by /8-adrenergic blockers, pronethalol and dichlorisoproterenol (de la Lande et al., 1962; Kirby and Burnstock, 1969) . Paz de la Vega et al. (1983) studying isolated atria of Liolaemus gravenhorsti reported that isoproterenol was the most potent among catecholamines in stimulating atrial beating rate and contractile force. These effects of catecholamines could only be abolished by propranolol but not by dibenzyline, an a-adrenergic antagonist. These pieces of evidences, therefore, suggested that /3-receptors are the principle adrenoceptors in hearts of lizards.
In cobra snake atria, isoproterenol also elicited dose-dependent increases in atrial rate and force at concentration between 10~9 and 10~6 M. In the presence of propranolol, the dose-response curve of isoproterenol was shifted to the right (Chiu and Sham, 1985) . This confirmed the presence of /?-adrenoceptor in snake hearts (Hedberg, 1975; Wojtaszek, 19796) , and the cardiac /3-adrenergic responses in snakes resemble those in lizards and mammals.
Recently, in a study of the possible existence of cardiac a-adrenoceptors, we examined the chronotropic action of phenylephrine on isolated Naja atria. This a-adrenoceptor agonist produced chronotropic responses which could be divided into high affinity responses (10 ~1 0 to 10 ~8 A/) and low affinity responses (10~6 to 10 4 M). The maximal response of the former was only Fic. 2. Chronotropic effects of phenylephrine on isolated cobra atria before and after 6-OH dopamine treatment. 0 . before treatment; • , after treatment. Data are means ± SE. (Chiu and Sham, 1985, by permission) about one-third of the latter. The high affinity responses were completely blocked by phentolamine (10~6 M) and propranolol (10-6 M) ( Fig. 1 ). 6-Hydroxydopamine and reserpine treatment also abolished the high affinity responses (Figs. 2, 3) . Thus, the high affinity responses could be ascribed to phenylephrine dependent, probably a-adrenoceptor dependent, presynaptic release of catecholamines. The low affinity responses were only abolished by propranolol, but not phentolamine. This suggested that the prominent low affinity responses were due to /3-adrenoceptor stimulation (Chiu and Sham, 1985) .
The existence of cardiac a-adrenoceptor in lower vertebrates is controversial. Some studies in amphibians and fishes indicated that catecholamines enhance cardiac performance in these animals via j8-adrenoceptors (Holmgren, 1977; Camerson, 1979; Stene-Larsen and Helle, 1979; Ask et al., 1980) , while others demonstrated the coexistence of cardiac a-and /3-adrenoceptors in these animals with an increasing role of a-adrenoceptor participation at lower temperature (Kunos and Szentivanyi, 1968; Saito, 1973; Forster, 1976; Kunos and Nickerson, 1976 Waitzenegger et al., 1980; Tirri and Ripatti, 1982; Pennec and Peyraud, 1983; Tirri and Lehto, 1984) . However, there is no evidence for the presence of postsynaptic a-adrenoceptors in snake atria, at least not in Naja with regard to chronotropism. This is therefore in agreement with the study on isolated lizard atria (Paz de la Vega et al., 1983) . Recently, we demonstrated in a series of experiments the effects of parathyroid hormone (PTH) on the cardiovascular system of ophidian as well as other submammalian species along with some laboratory mammals (Pang et al., 1980; Chiu et al., 1982, 19836; Sham et al., 1983) . In particular, PTH was shown to elicit a positive chronotropic response in various tetrapod species, including bullfrog (Rana catesbeiana), cobra snake (Naja naja), duckling (Columba livia), Japanese quail (Coturnix coturnix japonica), mongrel dog and white rat (Tenner and Pang, 1982; Tenner et al., 1983; Furspan et al, 1984; Sham et al., 1984, unpublished data) . Pharmacological studies showed that this cardiac stimulatory effect of PTH is independent of the /3-adrenoceptor (Hashimoto et al., 1981; Bogin^a/., 1981; Tenner etal., 1983; Furspan et al., 1984) , but is related to calcium influx (Bogin et al., 1981) . In the isolated snake atria of cobra snake and rat snake, bPTH-(l-34) produced dose-dependent chronotropic and inotropic responses at concentrations of 1 to 100 ng/ml (Sham, Chiu, and Pang, unpublished data) , and these effects were not blocked by 10" 6 M propranolol. These data suggested that PTH exerts its cardiac action through specific receptors.
EFFECT OF TEMPERATURE ON CARDIAC RESPONSIVENESS
Cobras were partitioned into three groups: one acclimated at 34°C in a constant temperature chamber for a two-week period, whereas the other two groups were acclimated at ambient room temperature (about 27°C). At the end of acclimation, the 34°C acclimated group and one ambient temperature acclimated group were studied by using the isolated atria preparation as described in a previous study (Chiu and Sham, 1985) at 34°C. The remaining 27°C group was examined at room temperature.
The basal atrial beating rates of the acclimated and unacclimated groups at 34°C were significantly higher than that recorded at room temperature (Table 1) . This temperature-dependent increase in atrial rate, as reported in isolated heart preparations of Dipsosaurus dorsalis and Matrix natrix (Dawson and Bartholomew, 1958; Wojtaszek, 1979a) , reflects a general increase in cardiac activity at a high assay temperature. Study of the oxygen consumption rate of heart homogenates from garter snakes clearly demonstrated an increase in cardiac metabolism with temperature (Hoskins and Aleksiuk, 1973a) , and this may account for the elevated mechanical activity of the heart. At 34°C, the basal beating rate of the acclimated group is lower than that of the room temperature adapted group. This finding is consistent with studies in intact lizards and snakes (Dawson and Bartholomew, 1958; Dawson and Templeton, 1966; Jacobson and Whitford, 1970) . The higher basal beating rate in the unacclimated group at 34°C would be due to temperature stress on the tissue. In contrast, the acclimated group was adapted to the high temperature, thus no stress occurred (Jacobson and Whitford, 1970) . Another mechanism for the changes in temperature acclimation has been suggested by Hoskins and Aleksiuk. They were able to show changes in isoenzyme activities of malate dehydrogenase and lactate dehydrogenase in Thamnophis after low or high temperature acclimation (Aleksiuk, 1971; Hoskins and Aleksiuk, 1973*) . Thereby, they hypothesized the activation of specific isoenzymes with decreasing temperature, as to offset the depressive effect of low temperature on the catalytic activity of enzymes (Aleksiuk, 1971; Hoskins and Aleksiuk, 19736) . According to this hypothesis, the higher basal beating rate in the unacclimated group in our study could be due to the presence of higher activity isoenzymes which might be "switched off" after acclimation.
Atrial preparations from the three groups all showed positive chronotropic responses to isoproterenol, phenylephrine and bovine parathyroid hormone (1-34), bPTH-(l-34). However, their responsiveness was different (Figs. 4-6 ). The 34°C acclimated group had greater responses to these three agents than the unacclimated group, which was in turn more responsive than the group tested at room temperature. These data clearly show the temperature dependent increase in cardiac responsiveness to receptor stimulations by the three different agents. Despite the differences in the basal beating rates and the absolute changes in beating rates induced by the drugs, the maximal atrial beating rates of the two groups tested at 34°C were about the same. Thus, the maximal beating rates in these snake atria were determined primarily by temperature. The responsiveness of a tissue to a drug can be determined and characterized by the effective dose of the drug (ED 50 ) and by the maximal response. Seemingly, the ED 50 's of isoproterenol, phenylephrine and bPTH-(l-34) had not been affected by temperature. On the other hand, the maximal responses or, in this study, the heart rate increments which were termed by Licht (1965) as the difference between the basal heart rate and the maximal heart rate, were changed. This increase in ophidian heart rate increment with temperature, as observed in lizards and turtles (Licht, 1965; Gatten, 1974) , is important in providing greater cardiac output for animals to cope with their elevated oxygen demand during activity at a higher temperature. High temperature acclimation can further increase the cardiac responsiveness by having a greater heart rate increment. For example, in the isoproterenol experiment, the heart rate increment increased from 29.9 ± 2.4 beats/min (mean ± SE) in the room temperature group to 75.5 ± 8.5 beats/min in the acclimated group at 34°C, whereas the unacclimated group only had an increment of 47.3 ±5.1 beats/min. The augmentation in the heart rate increment of the acclimated group was not caused by an elevation of the maximal atrial rate, but rather by a lowering of the basal beating rate (Fig. 4) . This lowering of the basal beating rate thus provides the heart with an even greater capacity to handle demands during activity by broadening the effective range of heart rate. The decrease in atrial rate after acclimation does not need to sacrifice the cardiovascular efficiency, as other changes in stroke volume, hematocrit (Thapliyal and Kaur, 1976) , oxygen transport and delivery (Pough, 1980) may occur during acclimation.
Besides the prominent change in heart rate increment at elevated temperature, minor change in response to agonist stimulation did occur. In the phenylephrine experiment, the high affinity responses are probably ascribed to the presynaptic release of catecholamine (Chiu and Sham, 1985) , their disappearance might be due to the reduction of the presynaptic catecholamine storage and/or alterations in the sensitivity of the release machinery after acclimation.
Data from the present study suggest that the elevated cardiac responsiveness to a rise in temperature is a general one. It does not seem to be related with certain "specialized" groups of receptors. This is evident by the fact that isoproterenol and bPTH-(1-34), which act on distinctly different receptors showed similar enhanced effects at high temperature as well as after high temperature acclimation.
EFFECT OF THYROID HORMONES ON CARDIAC RESPONSIVENESS
Four treatment groups of cobra snakes were examined: 1) untreated control, 2) thyroidectomized, 3) tri-iodothyronine (T 3 )-injected (8 Mg/kg on alternate days), and 4) vehicle (NaOH) injected control. They were kept in a constant temperature room at 23°C on a 12L/12D cycle. They were not fed but were provided with water ad libitum. The thyroid states of the snakes were monitored during the treatment period by their skin-shedding behavior: hyperthyroid snakes did not shed, whereas hypothyroid snakes displayed changes in their spectacles and/or shed (Chiu et al, 1983a) . After one month of treatment, the animals were sacrificed. Their atrial tissues were isolated and tested at room temperature (about 27°C) with phenylephrine, isoproterenol and bPTH-(l-34), as in the experiment on the temperature effect.
Hypothyroid snakes (thyroidectomized) and hyperthyroid snakes (T 3 -injected) exhibited no difference in their basal atrial beating rates when compared with the intact control snakes and vechicle injected snakes respectively (Table 2 ). The chronotropic effects of isoproterenol, phenylephrine and bPTH-(l-34) were enhanced significantly in the hyperthyroid snakes, whereas the hypothyroid snake atria showed the similar degree of response as the intact control (Figs. 7-9 ).
It is known that the thyroid hormone can stimulate the metabolic rate in reptiles (Maher and Levedahl, 1959; Maher, 1964 Maher, , 1965 Wilhoft, 1966; Turner and Tipton, 1972; Wong et al, 1975) , and this metabolic effect of thyroid hormone is temperature-dependent. Maher and his associates working on lizards Eumeces and Anolis, showed a stimulatory effect of thyroxine (T 4 ) on O 2 consumption at 30°C in both in vivo and in vitro experiment, but not at 20°C (Maher and Levedahl, 1959; Maher, 1964 Maher, , 1965 . Wilhoft (1966) was also able to demonstrate the metabolic effect of thyroxine in Sceloporus cyanogenys at 32°C or in a thermal gradient of range between 12°-60°C. This effect of T 4 was abolished at 16°C. In the snake Natrix rhombifera, thyroxine injection caused significant increases in the O 2 consumption and cytochrome oxidase activities in liver tissues of animals acclimated at 32°C, whereas animals acclimated at 15°C did not show these responses (Turner and Tipton, 1972) . It was also shown in Ptyas korros that T 4 injection in thyroidectomized animals at 30°C produced a higher oxygen consumption rate in liver tissue compared with the thyroidectomized and vehicle-injected control (Wong etal., 1975) . It is evident that T 4 can exhibit its metabolic effect at 30°C or above, but not at temperatures below 20°C.
Two points which are particularly noteworthy in the present study are that the temperature we used was within the critical range 20°-30°C, and the more potent thyroid hormone, T s , was used instead of T 4 . The failure to observe a significant difference in the basal atrial beating rate in T 3 -injected animals may imply that the temperature we used was not high enough to permit the metabolic effect of the thyroid hormone. However, the treatment had lasted for one month, hence cardiovascular adjustments as in high temperature acclimation might have occurred and masked the effect of T 3 . The latter explanation seems more likely in view of the enhanced cardiac responses to isoproterenol, phenylephrine and bPTH-(l-34) in the T 3 treated group. The enhanced cardiac responsiveness to chronotropic agents in the hyperthyroid snakes enable the heart to pump more blood during activity, or even at rest if the animal has a high level of catecholamines in the plasma or a significant sympathetic outflow to the heart. Unfortunately, there is no information available concerning the catecholamine level nor the sympathetic activity in the hyperthyroid snakes.
T 3 injection also caused specific changes in the cardiac stimulatory effect of chronotropic agents. In the phenylephrine experiment, the high affinity responses were significantly augmented by T 3 treatment (Fig. 8) . This augmentation in the high affinity responses, as commented upon earlier, might be ascribed to presynaptic changes, such as an increase in the synthesis and/or the storage of catecholamines. Besides this specific change observed with phenylephrine, the enhanced cardiac responsiveness in hyperthyroid snakes appeared to be a general one.
Thyroidectomy, as shown in the present study, did not affect the basal atrial rate nor the cardiac responsiveness to receptor stimulation. Hence, the endogenous thyroid hormones did not seem to play a functional role in this experimental condition. Studies in our laboratory have shown that thyroidectomy did not affect the O 2 consumption in rat snake, Ptyas korros, at 23°C (Chiu et al, 1983a) . This absence of influence on metabolic rate by the thyroid gland {e.g., Tx) was confirmed by in vitro study on liver tissue from Ptyas at 30°C (Wong etal., 1975) . Thapliyal et al. (1974) studying the intermediary metabolism in Natrix piscator, found only a decrease in the rate of esterification of free fatty acids in the liver of thyroidectomized animals at 30°C, in contrast to the significant changes in protein, carbohydrate and lipid metabolism at higher temperature. Recent investigations with RIA techniques found that the serum T 3 and T 4 concentrations in snakes are particularly low (Chiu, 1982; Chiu and Wong, 1984) . All these findings argue against a metabolic role of the thyroid secretions in snakes, although such thyroid function has been clearly demonstrated in lizards. The lack of influence of thyroidectomy on the cardiac responsiveness in Naja, hence, is coherent with the metabolic studies.
CONCLUDING REMARKS
We have described and discussed the enhanced cardiac responsiveness in Naja to positive chronotropic agents under elevated metabolic conditions. These enhanced cardiac responses appear adaptive and may be responsible for providing a greater cardiac output in animals with increased oxygen demand, as during activity. Because both increased temperature and hyperthyroidism facilitated the cardiac responses to stimulations of distinctly different receptors, the increased cardiac responsiveness is a general one and, most likely, a result of increased metabolism.
The mechanism for the increase in the cardiac responsiveness is not known. How-ever, it may be due to increases in cardiac receptors and/or enzymatic activities in the myocardial cells. Studies in mammals showed that the number of cardiac 0-adrenoceptors increases in hyperthyroidism (Ciaraldi and Marinetti, 1977; Williams et al, 1977; McConnaughey et al, 1979) . In isolated frog heart, the reactivity to /3-adrenoceptor stimulation was shown to be greater at higher than at lower temperature (Kunos and Szentivanyi, 1968) . This increased reactivity has been explained as the result of a conversion of a-adrenoceptors to /?-adrenoceptors (Kunos and Nickerson, 1976) .
Increased enzymatic activities have also been reported in animals acclimated at high temperature and in animals with hyperthyroidism. Licht (1964) found increases in reptilian skeletal myosin ATPase activity with temperatures below the denaturating temperature limit of the enzyme. Although the study was done in skeletal muscle, it is reasonable to suggest that the same temperature-dependent increase in myosin ATPase activity could be found in the myocardial cells. In mammals, thyroxine was found to have a direct stimulatory effect on the cardiac adenylate cyclase (Levey and Epstein, 1968) . Hence, stimulation of receptors that couple with this enzyme, e.g., /3-adrenoceptor, may produce an enhanced response in hyperthyroid animals. In fact, this phenomenon has been well documented (Benfey and Varma, 1963; Margolius and Gaffney, 1965; van der Schoot and Moran, 1965) . Whether the thyroid hormones possess the same stimulatory effect on cardiac enzymatic activities in snakes remains to be answered. However, it seems to be one promising mechanism for the observed enhanced cardiac responsiveness in our study.
All the receptor agonists used in this study are cardiac stimulatory. It will be interesting to study the cardiac responsiveness to inhibitory agents under elevated metabolic conditions. Together with more information about the neural and endocrine activities, we may have a better understanding on the cardiovascular adaptation to increased metabolism in reptiles.
